Conditional lethal amber nonsense mutants of vesicular stomatitis virus, Indiana serotype, classified in complementation group I (the L gene), synthesize truncated versions of the L protein. This paper reports further characterization of mutants AmbL1, AmbL2 and AmbL3 by nucleic acid sequence analysis, which was achieved by sequencing L mRNA directly using appropriate synthetic oligonucleotides. In each case a single point mutation altered a glutamine-specifying codon to an amber stop codon. The L mRNA from wild-type and revertant viruses was sequenced for comparison. Of the revertants sequenced, each had reverted by back mutation within the same codon as the original mutation. A revertant of AmbL2 reverted by a second site mutation, also within the same codon as the original mutation. These mutants may be useful for assigning functions to different parts of the L polypeptide chain.
Introduction
Vesicular stomatitis virus (VSV), the prototype rhabdovirus, has a negative-sense ssRNA genome comprising 11 161 bases (Schubert et al., 1984 and references therein) which encodes five recognized proteins. The N, L and NS proteins associate to form the internal ribonucleoprotein core, whereas the G and M proteins form the external viral envelope (Wagner, 1990) . The polymerase complex of VSV, of which the L and NS proteins are components, performs diverse functions within the cell including capping, methylation and polyadenylation of the mRNA, as well as chain initiation and elongation. In addition, the complex also contains the machinery to facilitate the choice between transcriptive and replicative RNA synthesis (reviewed by Banerjee & Chattopadhyay, 1990) .
A description of the first conditional lethal nonsense mutants isolated for an animal virus (VSV) was the subject of a previous report (White & McGeoch, 1987) . The mutants were isolated from a chemically mutagenized stock by virtue of their ability to grow only on a tyrosine-inserting suppressor tRNA (su ÷) cell line (L39; Hudziak et al., 1982) and not on the non-suppressor (su-) parental cells (LMTK-) . By complementation tests using temperature-sensitive mutants of VSV, five amber mutants were assigned to complementation group I (the L gene) and one to group V (the G gene) (White & McGeoch, 1987 give only about 4 % suppression of amber codons (Young et al., 1983) . Hence, in su ÷ cells infected with the amber L gene mutants no full-length VSV L protein was detected, but each of the mutants synthesized a novel truncated version of the L protein, which was characterized by immunoprecipitation and immunoblotting experiments (White & McGeoch, 1987) . However, definitive proof of the nature of the lesions affecting these mutants requires nucleotidc sequence analysis. We now provide this information, precisely mapping the lesions within the L gene and confirming the previous conclusion that these are indeed conditional lethal amber nonsense mutants.
Methods

Cells and viruses.
The su + (L39) cell line (Hudziak et al., 1982) and the su-(LMTK-) cell line were maintained as described previously (White & McGeoch, 1987) . Wild-type VSV (Indiana-C strain) was provided by C. R. Pringle (Department of Biological Sciences, University of Warwick, Coventry, U.K.). The L gene amber nonsense mutants of VSV, and their revertants, were propagated as described previously (White & McGeoch, 1987) .
In vivoprotein synthesis. Viral proteins were analysed by radiolabelling infected cells with 100 laCi/ml [35S]methionine in the presence of 10 vtg/ml actinomycin D and fractionating the labelled extracts in a 7.5% SDS polyacrylamide gel, as described by White & McGeoch (1987) .
In vitro protein synthesis. Total cellular RNA was extracted from infected cells by the guanidinium thiocyanate method, exactly as described by Chomczynski & Saachi (1987) . RNA was translated in a rabbit reticulocyte lysate (Amersham) using 10 lag total cell RNA in an 11 lal reaction containing 50 laCi [35S]methionine. The radiolabelled translation products were fractionated in a 7.5 % SDS-polyacrylamide gel.
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Gel electrophoresis of RNA. RNA extracted from infected cells was fractionated by electrophoresis through a 1% agarose (low melting point) gel containing methylmercuric hydroxide, as described by Maniatis et al. (1982) . Following electrophoresis, each lane was cut into 20 slices and the RNA extracted from each gel slice (Maniatis et al., 1982 ). The extracted RNA was then translated in vitro as described above.
Nucleotide sequence analysis. Synthetic oligonucleotides (described in Results and Table 1 ) complementary to VSV L gene mRNA (based on the sequence of the Mudd-Summers strain; Schubert et al., 1984) were synthesized on a Biosearch (model 8600) automated DNA synthesizer and 5' end-labelled with T4 polynucleotide kinase and [?-32p]ATP. Primer extension sequencing was by the dideoxynucleotide chain termination procedure using the method described by Wright & Moss (1987) .
Results
Isolation and characterization o f viral R N A
Total cellular R N A was extracted from su + cells infected with wild-type VSV and the amber mutants AmbL1, AmbL2 or AmbL3. The R N A was analysed initially by translation in vitro using a rabbit reticulocyte system, and the translation products were compared with the proteins in radiolabelled infected cell extracts by P A G E (Fig. 1) . For each mutant, the G, NS, N and M proteins were identified in the in vitro translation products. In the case of AmbL1 and AmbL2, characteristic novel polypeptide species, shown previously to be truncated versions of the L protein made in infected su ÷ cells (White & McGeoch, 1987) , were also observed in the in vitro translation products (lanes 4 and 6); these are presumably produced by premature termination at an amber stop codon. However, neither the truncated L polypeptide synthesized by AmbL3 nor the full-length L protein synthesized by wild-type virus in vivo could be produced in vitro, possibly because of the large size of the L protein and/or the action of RNases during m R N A extraction.
We next estimated the size of the L m R N A s of the mutants to establish that the truncated proteins were encoded by a full-length L m R N A and not the products of an aberrant transcriptional event. Since it had proved difficult to translate full-length wild-type L protein in vitro, this set of experiments involved only AmbL1 and AmbL2. R N A extracted from infected cells was subjected to electrophoresis in a 1% agarose gel containing methylmercuric hydroxide. Appropriate size markers were electrophoresed on the gel to calibrate the migration of the RNA. Each R N A lane was cut into 20 slices, the R N A was isolated from each gel slice, translated in vitro and the translation products were analysed on a 7.5% polyacrylamide gel. Essentially, a polypeptide identical in size to the respective truncated L protein synthesized by each mutant in su + cells was translated in vitro from an R N A species isolated from gel fractions which corresponded to R N A 6 to 8 kb in length (i.e. full-length L m R N A ) (data not shown). The positions on the gel of these fractions were markedly different from those of fractions containing R N A s which could potentially encode the 37K product of AmbL1 (approximately 1.2 kb) or the 60K product of AmbL2 (approximately 2 kb). Therefore it seems likely that the truncated L polypeptides made by mutants AmbL1 a n d AmbL2 are not translated from truncated R N A transcripts. 133 -* The changes which result in the generation of an amber stop codon are the subject of Table 2 and are therefore not included. The position of the amino acid changes within the L gene are in parentheses. 
Nucleotide sequence determination of the L mRNAs from wild-type, AmbL1, AmbL2, AmbL3 and revertant viruses
The lengths of the truncated L polypeptide chains were estimated from their relative migration in SDS-polyacrylamide gels because these should correlate with the position of the amber mutation within the gene. A set of oligonucleotide primers complementary to L mRNA was synthesized, based on the L gene sequence derived by Schubert et al. (1984) from the Mudd-Summers strain of VSV Indiana; these primers were expected to hybridize about 100 nucleotides downstream from the estimated position of each mutation (Table 1) . Primer extension sequencing of wild-type Indiana-C, AmbL1, AmbL2, AmbL3 and revertant L mRNAs was performed using the dideoxynucleotide chain termination method. These results are summarized in Table 2 .
Sequencing of the L mRNA from AmbLl-infected cells revealed an in-flame amber stop codon (UAG) at nucleotide positions 1022 to 1024 (wild-type L mRNA is 6380 nucleotides in length; Schubert et al., 1984) ; wildtype mRNA has a glutamine-specifying codon (CAG) at this position. The mutation would result in the synthesis of a polypeptide containing 337 amino acids, less than one-sixth of the size of the full-length protein (2109 amino acids). For AmbL2, sequencing revealed that the glutamine-specifying codon found at positions 2210 to 2212 in the wild-type sequence had been altered to an amber stop codon. The nonsense codon at this position would generate a 734 amino acid long polypeptide, almost one-third of the size of the wild-type protein. In the case of AmbL3, the glutamine-specifying codon at nuclootide positions 5987 to 5989 had mutated to an amber stop codon. The resultant polypeptide would be 1992 amino acids long, only 117 amino acids shorter than the full-length protein.
Revertants of each of the mutants have been isolated and characterized previously (White & McGeoch, 1987) . Briefly, each grew normally and synthesized L protein indistinguishable in size from full-length protein in both s u ÷ and s u -cells; revertants of AmbL2 are shown as an example in Fig. 2 . Nucleotide sequence analyses of the mRNAs isolated from cells infected by revertant viruses (Table 2) revealed that, for the two independently isolated revertants sequenced for each of mutants AmbL1 and AmbL3, reversion to wild-type was by back mutation at the position of the original mutation. These involved the mutation of the uracil encoded at nucleotide positions 1022 and 5987 in AmbL1 and AmbL3 respectively to cytosine, resulting in a glutamine codon, as in the original sequence. One of the revertants of AmbL2 (rl) also reverted at the same position within the codon as the original mutation (nucleotide 2210), resulting in a return to the wild-type sequence (UAG--,CAG). However, another revertant of AmbL2 (r2) was the result of a second site mutation within the same codon as the original mutation. Here, a G to U transversion (position 2212) resulted in the alteration of the stop codon U A G to the tyrosine-specifying codon U A U (Table 2) .
In total, some 1459 bases of L m R N A were sequenced and, apart from the changes which resulted in the generation of amber stop codons, no other changes were found between the sequences derived for wild-type, mutant and revertant viruses. Interestingly, comparison of the nucleotide sequences derived for the L gene of the Indiana-C strain with that of the Mudd-Summers strain (Table 1) revealed only three differences, of which two resulted in a change of amino acids: Ala--,Gly at amino acid 1026 and Arg~Lys at amino acid 2075. Thus, these two virus strains are very closely related in the regions compared, which represent about 2 3~ of the L gene.
D i s c u s s i o n
Three complementation group I (L gene) mutants of VSV were characterized previously as conditional lethal amber nonsense mutants because, first, each mutant grows only on cells containing an amber suppressor tRNA and not on the non-suppressor parental cell, and second, each mutant synthesizes a novel polypeptide species in su + cells which has been shown by immunoprecipitation and immunoblotting analyses to be an authentic, truncated version of the L protein (White & McGeoch, 1987) . Revertants of each mutant were isolated which grew normally and synthesized full-length L protein. By determining the nucleotide sequence of the affected region in mutant, revertant and wild-type virus L mRNA, it has been possible to map precisely the positions of the mutations.
In each case, the production of a truncated polypeptide is caused by altering the C residue in a glutaminespecifying codon (CAG) to a U residue, resulting in an amber stop codon (UAG) in the mRNA. Thus, for each mutant a C-,U transition in the first position of the codon results in the production of an in-frame amber stop codon. This is consistent with the acknowledged mode of action of 5-fluorouracil, the mutagen used to produce the amber mutants, which is thought to promote transition mutations only and to cause single site mutations. Of the eight codons that could be mutated by a single base change to an amber stop codon, only two can be altered by a transition mutation. These are the codons CAG, specifying glutamine, and U G G , specify-ing tryptophan. The number of UGG codons within the L gene (42) is twofold that of CAG codons (21) and thus initially it was surprising that none of the mutants sequenced contained the tryptophan to amber stop codon change. However, pertinent to this observation is the sequence comparison of five L proteins of rhabdoviruses and paramyxoviruses presented by Poch et al. (1990) . In the optimal alignment of the amino acid sequences, the authors noted a high frequency of tryptophan residues among invariant amino acids compared to their relative abundance in the L proteins, and suggested that the conserved tryptophan residues may be particularly important for the structure and/or function of the L protein.
Revertants of the mutants AmbL1 and AmbL3 all reverted to the wild-type sequence by back mutation at the same position (UAG~CAG). It seems unlikely that a glutamine at this position in the polypeptide chain is functionally significant because the protein will tolerate a tyrosine residue inserted by the amber suppressor tRNA at this position, or a serine residue inserted by an alternative suppressor tRNA-carrying cell line (unpublished results). Furthermore, glutamine residues are not found in the corresponding positions in the L protein of the New Jersey serotype of VSV, which has leucine at amino acid 338, arginine at 734 and lysine at 1993 (Feldhaus & Lesnaw, 1988) . It is possible that spontaneous reversion at a single site may favour transition mutations. However, for mutant AmbL2, although one revertant was found to have back-mutated at the position of the original mutation, another was found to have reverted by a second site mutation within the same codon. In this case a transversion mutation in the third base of the codon altered the amber stop to a tyrosinespecifying codon (UAU).
Although the possibility that premature termination of translation occurred at another amber stop codon upstream of the one sequenced cannot be formally excluded, we think this is unlikely. Firstly, the position of each mutation was initially estimated from the size of the truncated L protein using the other viral proteins as Mr markers. The position of the mutations described here is generally consistent with these estimates (Table 2) , with the possible exception of AmbL2. Second, each mutant reverted at a frequency comparable to that expected for a single site mutation (White & McGeoch, 1987) .
The VSV suppressor mutants which we have characterized provide additional tools for the dissection of the complex L protein, and can be used, for example, in intracistronic complementation experiments with temperature-sensitive L protein mutants. It may also be possible, using the L protein fragments and dissociation/ reconstitution type experiments, to assign subfunctions to different regions of the multifunctional polypeptide chain.
